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Abstract
The collection of a few anomalies in semileptonic B-decays, especially in b → cτ ν¯, invites
to speculate about the emergence of some striking new phenomena, perhaps interpretable in
terms of a weakly broken U(2)n flavor symmetry and of leptoquark mediators. Here we aim
at a partial UV completion of this interpretation by generalizing the minimal composite Higgs
model to include a composite vector leptoquark as well.
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I. INTRODUCTION
A number of anomalies in the decays of B mesons continue to receive much attention.
As recalled below, the statistically most significant among these anomalies is of special
interest since, at the partonic level, b→ cτ ν¯, it involves three third generation particles.
As such it is suggestive of an explanation in terms of a U(2)n flavor symmetry that distin-
guishes between the third generation of fermions as singlets and the first two generations
as doublets[1].
Within this context ref. [2] looked at the ability of leptoquark models, in particular spin-
one leptoquarks, to explain some of these anomalies. However a model with massive vector
fields cries out for a UV completion (see e.g. [3]). This is particularly true since, as one can
anticipate from the relatively large size of the putative deviation from the Standard Model
(SM) tree level amplitude, a fairly large coupling of the leptoquark must be invoked. The
aim of this paper is to investigate whether it is possible to make a composite model that
can serve as a (more) UV complete explanation of these flavor anomalies. In particular,
we are looking to generalize the simplified Composite Higgs Models (CHM) of [4] to a
case which includes leptoquarks. To this end we extend the global symmetry group of
the strong sector from SU(3)×SO(5)×U(1) [5] to SU(4)×SO(5)×U(1), where SU(4)
is the Pati-Salam group. The extension from SU(3) to SU(4) can be seen as natural if
one thinks of composite leptons as necessary to give masses to the standard leptons by
bilinear mixing, as in the quark case often discussed.
The experimental measurements of interest include a combined 4.0σ excess over the
SM, which is seen by three experiments in the charged current process
RD(∗) =
Γ(B¯ → D(∗)τ−ν¯τ )
Γ(B¯ → D(∗)`−ν¯`) , (1)
with ` = e, µ. Assuming a common scaling of RD and RD∗ with respect to their SM
predictions, a one parameter fit to the averages presented by the Heavy Flavor Averaging
Group (HFAG) yields RD(∗)/(RD(∗))SM = 1.27 ± 0.06 [6, 7]. The HFAG result makes
use of experimental measurements from BaBar [8, 9], LHCb [10], and Belle [11, 12] (see
also [13]); as well as the theoretical predictions of refs. [14, 15] (see also [16, 17]).
Furthermore, LHCb has reported [18, 19] a 2.6σ deviation from the SM in the neutral
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current process
RK =
Γ(B+ → K+µ+µ−)
Γ(B+ → K+e+e−) , (2)
possibly indicating a violation of lepton flavor universality (LFU). Specifically, for M2`+`− ∈
[1, 6] GeV2 the measured value of RK is 0.745
+0.090
−0.074(stat)±0.035(syst), compared to a SM
value that is close to 1 [20, 21]. Global fits to all b → s`` data seem to indicate a more
general tension with the SM [22, 23].1 However, many of these observables are subject to
significant hadronic uncertainties, whereas RK and RD(∗) , are not.
On the theoretical side of things, both dynamical models [25–34] and bottom-up ef-
fective field theory approaches [22, 23, 35, 36] have been, and continue to be used to
analyze and explain the experimental results. The dynamical models typically involve
some kind of leptoquarks, but not always, see ref. [37]. More recent work on this topic
often focuses on other potential experimental signatures of these anomalies and models,
including but not limited to: kaon physics [38–40], kinematic distributions in the decays
of B mesons [41–43], tau lepton searches [44, 45], dark matter [46, 47], and the evolution
of the renormalization group equations (RGE) that leads to multiple effects [48].
Ref. [48] is especially of interest in light of the goal of this work as it challenges the
idea that the B decay anomalies could be due to simple extensions of the SM, i.e. a single
leptoquark field. Specifically, when only the minimal set of operators needed to explain
RD(∗) and RK are generated at some scale Λ  v, the RG evolution of these operators
generates unacceptably large deviations from lepton flavor universality in Z and τ decays
as well as lepton flavor violating τ decays. The particular operators are Q
(1)
`q and Q
(3)
`q ;
see [49, 50] for notation and the explicit form of the RGE. While a full one-loop RGE
analysis is beyond the scope of this work, we note there are at least two effects that
distinguish the model under consideration in this work from that of ref. [48]. The first is
that there are more dimension-six operators than the two listed above, which are generated
at tree level that contribute to the relevant RGE, e.g. Q`` and QH, as well operators that
do not contribute to the RGE of interest. Some of the additional operators contribute to
the RGE with the opposite sign of the contribution coming from the operators considered
in [48]. Secondly there are direct contributions to the observables of interest that are
generated at the scale Λ at the one-loop level. Though these contributions do not have a
1 A recent update of [22] claims the combined tension with the SM has increased to 4.5σ [24].
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log-enhancement as the RGE contributions do, they can still serve to partially cancel the
effects of the RGE contributions.
The rest of this paper is organized as follows. Sec. II describes the field content of the
model as well as the mass spectra and mixing angles associated with the fermions and
vector bosons. The tree level amplitudes and viable parameter space are presented in
sec. III. This is followed by a discussion of electroweak precision data in sec. IV. Then in
sec. V a description is given of a number of features of this model, which distinguish it
from the usual partial CHM. Finally, our conclusions are given in sec. VI.
II. PARTICLE CONTENT
We start by describing the field content of the composite sector in terms of its represen-
tations under the unbroken global symmetry of the composite sector, SU(4)× SU(2)L ×
SU(2)R×U(1)X . The composite Higgs, H = (H, H˜) where H˜ = iσ2H?, is a bidoublet of
SU(2)L,R. The hypercharge is given by
Y =
√
2
3
T 15 + T 3R +X, (3)
where TA=1,...,15 are the generators of SU(4) with normalization Tr(TATB) = δAB/2. The
coefficient in front of T 15 in eq. (3) is necessary to get the correct hypercharge, since√
2/3T 15 = (B − L)/2, with B and L being baryon and lepton numbers respectively.
A. Vector Boson Masses and Mixings
The vector boson masses and mixings are analogous to those of ref. [4] or to those of a
two site model of the standard CHM, apart from two main differences: we have to include
SU(4) instead of SU(3) and the elementary weak hypercharge gauge boson mixes with
three composite fields (associated with T 15, T 3R and X). The SU(4) composite bosons can
be written as
ρµ = ρ
A
µT
A =
12ρaµλa + 12√6ρ15µ 13×3 1√2Vµ
1√
2
V †µ − 32√6ρ15µ
 , (4)
where λa=1,...,8 are the generators of SU(3), and the leptoquarks, V and V †, are associated
with the A = 9, . . . , 14 generators of SU(4). The composite bosons in the adjoint of
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SU(2)L × SU(2)R × U(1)X are
WLµ = W
Lα
µ T
α
L , W
R
µ = W
Rα
µ T
α
R , V
X
µ , (5)
respectively. Tα=1,2,3L,R are the generators of SU(2)L,R, with the same normalization of the
SU(4) generators. In general for the four group factors {SU(4), SU(2)L, SU(2)R, U(1)X}
there are four strong couplings {gρ, gρL, gρR, gX} and four masses {Mρ,MρL,MρR,MX}.
With the only purpose of simplifying the formulae in the following we take gρR = gX and
MρR = MX . On the other hand, before mixing, the elementary fields associated with the
SU(3)× SU(2)× U(1) gauge group are
Ge,µ = G
a
e,µT
a
3 , We,µ = W
α
e,µT
α
L , Be,µ, (6)
with their own couplings {ge3, ge2, ge1}.
After mixing (and prior to electroweak symmetry breaking), the mass eigenstates are
superpositions of the states in (4), (5), (6). Of special interest to us are the leptoquarks,
Vµ, V
†
µ , which stay unmixed, and the totally neutral states, in number four, one of which,
V˜µ = (W
R3
µ − V Xµ )/
√
2, stays also unmixed.2 In the following we shall take
M2ρ
g2ρ
=
M2ρL
g2ρL
=
M2ρR
g2ρR
=
f 2
2
, (7)
and present results at leading order in ξ ≡ v2/f 2, where v = √2g2MW ≈ 175 GeV.
Defining B∗µ = (W
R3
µ + V
X
µ )/
√
2 and calling ρcµ and ρeµ the collections of composite
and elementary vectors respectively, the Lagrangian for the gauge sector is
Lgauge = −1
4
∑
c
ρcµνρ
µν
c −
1
4
∑
e
ρeµνρ
µν
e (8)
+M2ρVµV
µ+ +M2ρRWµRW
µR+ +
1
2
M2ρRV˜
2
µ
+
M2ρ
2g2ρ
(ge3G
a
e,µ − gρρaµ)2 +
M2ρ
2g2ρ
(
√
2/3ge1Be,µ − gρρ15µ )2
+
M2ρL
2g2ρL
(ge2W
a
e,µ − gρLWLµ )2 +
M2ρR
2g2ρR
(
√
2ge1Be,µ − gρRB∗µ)2.
2 This is a feature of the simplifying choice gρR = gX .
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The mass eigenstates (prior to electroweak symmetry breaking) are related to the states
in eq. (8) by Gae,µ
ρaµ
 =
cos θ3 − sin θ3
sin θ3 cos θ3
 Gaµ
GHaµ
 , (9)
Wαe,µ
WLαµ
 =
cos θ2 − sin θ2
sin θ2 cos θ2
 Wαµ
WHαµ
 ,

Be,µ
B∗µ
ρ15µ
 ≈

1 −√2 ge1
gρR
−
√
2
3
ge1
gρ√
2 ge1
gρR
1 O( ge1
gρ,ρR
)2√
2
3
ge1
gρ
O( ge1
gρ,ρR
)2 1


Bµ
BHµ
Xµ
 ,
where the mixing angles θ2 and θ3 are
{θ2, θ3} =
{
arctan
( ge2
gρL
)
, arctan
(ge3
gρ
)}
. (10)
For simplicity we show the rotation matrix in the neutral sector at leading order in ge1
gρR
 1
and ge1
gρ
 1. The physical gauge couplings are g3 = ge3c3 = gρs3, g2 = ge2c2 = gρLs2 and
g1 ≈ ge1.
The mass spectrum in the gauge sector is
Lgauge ⊃ 1
2
M2ρ
c23
GHaµ G
Haµ +M2ρV
†
µV
µ +
1
2
M2ρ
c215
XµX
µ (11)
+
1
2
M2ρL
c22
WHaµ W
Haµ +M2ρRW
R+
µ W
R−µ +
1
2
M2ρRV˜µV˜
µ +
1
2
M2ρR
cR
BHµ B
Hµ,
where c2,3 = cos θ2,3, c15 ≈ 1 + O(ge1gρ )2 and cR ≈ 1 + O(
ge1
gρR
)2. Since also θ2,3 are bound
to be small, one can consider to a reasonable approximation only three different masses
involved, or in fact only two after imposing gρR = gρL to respect custodial symmetry
MGH ≈MV ≈MX ≈Mρ (12)
and
MWR ≈MWH ≈MV˜ ≈MBH ≈MρR. (13)
Note that
MWH =
MW√
ξs2c2
. (14)
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The part of the Lagrangian that describes the leptoquark interactions with the SM gauge
fields is given by
LV = (DµVν)† (DνV µ)− (DµVµ)† (DµV ν) +M2ρV †µV µ (15)
− ig3Gaµν
(
V †µ
λa
2
Vν
)
− ig1Y Bµν
(
V †µVν
)
,
where Dµ = ∂µ− ig3 λa2 Gaµ− ig1Y Bµ with Y = 2/3. From the above interaction terms one
finds that the leptoquark Vµ couples to the SM fields G
a
µ and Bµ as in [2] with ks = kY = 1.
This means that potentially dangerous contributions to dipole operators (responsible for
µ → eγ, τ → µγ decays, etc.) are finite in our model, unlike in the general case of the
low energy leptoquark model [2].
B. Fermion Masses and Mixings
We want to extend the so-called bidoublet model3 commonly considered in the standard
Composite Higgs picture to the case of SU(4). The triplet scenario can be dealt with in
a similar way and is discussed in appendix A. The composite fermions transform under
SU(4)× SU(2)L × SU(2)R × U(1)X as ψ± = (4, 2, 2)±1/2 and χ± = (4, 1, 1)±1/2.
Our notation for the bidoublet model is
ψ+ =
Qβ+
L+
 , ψ− =
Qβ−
L−
 , χ+ =
U˜β
N˜
 , χ− =
D˜β
E˜
 , (16)
where β = 1, 2, 3 is a fundamental color index. The components of ψ± are further reduced
3 We adopt the nomenclature of ref. [51].
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as
Q+ =
(
Q(U) X(U)
)
=
U X5/3
D X2/3
 , (17)
L+ =
(
L(N) X(N)
)
=
N X+1
E X0
 ,
Q− =
(
X(D) Q(D)
)
=
X−1/3 U ′
X−4/3 D′
 ,
L− =
(
X(E) L(E)
)
=
X−1 N ′
X−2 E ′
 .
where in the right-hand side of these equations we make explicit the transformation prop-
erties of the various components under the SM gauge group. All the X states are exotic
with their charge explicitly indicated, while their SU(3) properties are left understood.
Following ref. [51] we attribute the basic distinction between the third and the lighter
first and second generations to the presence of an approximate U(2)n flavor symmetry
which is unbroken in the composite sector and is weakly broken along specific “spu-
rion” directions only in the mass mixings between the elementary and the composite
fermions. In particular, to avoid unobserved flavor-breaking effects, we rely on the idea
of left- or right-compositeness [52–54]. In the present context left-compositeness and
right-compositeness can be implemented invoking as intermediate symmetries
GLC = U(2)q+l+ψ±+χ± × U(2)u × U(2)d × U(2)e, (18)
or
GRC = U(2)q × U(2)l × U(2)u+ψ++χ+ × U(2)d+e+ψ−+χ− , (19)
respectively. In particular, in the case of right-compositeness, one ends up with flavor
violation in the up quark sector suppressed by inverse power of z3 ≡ sLu3/sLd3, as defined
below, which is required to be large by consistency with the ZbLb¯L coupling measurements
(see sec. IV). This, in turn, suppresses the contribution to the charged-current B anomaly,
making impossible to reproduce the observed deviation. Therefore, in the following we
will consider only left-compositeness.
The Yukawa and mass terms for the fermionic resonances in the strong sector are given
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by
Lbidoublets = mψ+Tr[ψ¯+ψ+] +mψ−Tr[ψ¯−ψ−] +mχ+(χ¯+χ+) +mχ−(χ¯−χ−)+(
Y ii+ Tr[ψ¯
i
+H]LχiR+ + Y ii− Tr[ψ¯i−H]LχiR− + h.c.
)
,
(20)
where Y±, mψ± and mχ± are U(2) preserving flavor diagonal matrices, so that Y
T
± =
(Y±3, Y±2, Y±2), and similarly for mΨ± and mχ±. As in ref. [51] the quark mixing La-
grangian is given by
Lbidoubletq mix,LC = mψ+3λLu3q¯L3U3R +mψ+2λLu2q¯LUR +mχ+3λRu3U˜3LtR (21)
+mχ+2 du (
¯˜ULV )tR +mχ+2
¯˜UL∆uu¯R + h.c. + (u, U˜ , t, U˜3,+→ d, D˜, b, D˜3,−).
Similarly the lepton mixing Lagrangian is
Lbidoublete mix,LC = mψ−3λLe3l¯3LL(E)3R +mψ−2λLe2l¯LL(E)R +mχ−3λRe3 ¯˜E3LτR (22)
+mχ−2 de (
¯˜ELV )τR +mχ−2
¯˜EL∆ee¯R + h.c..
The mixings in the first lines of (21) and (22) break the symmetry of the strong sector
down to GLC . This symmetry is in turn broken minimally by the spurions
V ∼ (2, 1, 1, 1), ∆u ∼ (2, 2, 1, 1), ∆d ∼ (2, 1, 2, 1), ∆e ∼ (2, 1, 1, 2), (23)
in the second lines of the same equations.
The SM Yukawa couplings for up and down quarks can be written in terms of the
spurions as in [51]. Adopting also the same definitions as in [51] for the mixings sL, sR
between the elementary and the composite fermions, it is
yˆu =
au ∆u ytV
0 yt
 , yˆd =
ad ∆d ybxbV
0 yb
 , (24)
while for the charged lepton we obtain
yˆe =
ae ∆e yτxτV
0 yτ
 , (25)
where
yt = Y+3sLu3sRu3, (26)
au = Y+2sLu2, xb =
(ddY−2Y+3
duY−3Y+2
)sLd2sLu3tRu3
sLu2sLd3tRd3
, (27)
yτ = Y−3sLe3sRe3, (28)
ae = Y−2sLe2, xτ =
(deY−2Y+3
duY−3Y+2
)sLe2sLu3tRu3
sLu2sLe3tRe3
, (29)
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and similarly for yb and ad with the obvious replacements. Extending GLC by U(1)e3 ×
U(1)d3 can explain the smallness of yτ and yb, making natural room for sR(e,d)3  sRu3
and de,d  du.
The Yukawa matrices yˆu,d,e are diagonalized to a sufficient level of approximation by
unitary transformations only acting on the left-handed quarks and leptons, Uu,d,e. This
is why there are chirality-conserving flavor-changing interactions only among left-handed
fermions. The CKM matrix is given by V = U †uUd. The parameter xb is not determined
by CKM data and it enters in flavor violating terms in up and down quark sector via
ru = 1/(1− xb), rd = 1− ru (30)
respectively.
Here we are not concerned with neutrino masses and mixings, which can arise from a
suitable Majorana mass matrix of the right handed neutrinos mixed with the composite
N˜ states. In any event, to an excellent level of approximation, we can study B anomalies
in the basis of neutrino current-eigenstates, where the charged current leptonic weak
interactions are flavor-diagonal.
III. TREE LEVEL AMPLITUDES FOR B ANOMALIES
Exchanges of spin-one resonances contribute to tree level b→ cτν and b→ s`` decays
as well as to ∆F = 2 transitions. The interaction Lagrangian of the composite vectors
with the elementary quarks and leptons in the mass basis is given in appendix B. We shall
neglect terms suppressed by 1/z3 = sLd3/sLu3 and 1/z3e = sLe3/sLν3 as z3, z3e are required
to be large to control the deviations from the SM of the ZbLb¯L and ZτLτ¯L couplings
respectively. It is also convenient to define the following quantity
A
(V )
f ≡
(
1− t
2
V
t2f
)
,where V = {2, 3, 15, R}, and f = {Lu3, Lν3}. (31)
Contributions to the operator (c¯LγµbL)(τ¯Lγ
µν3L) arise from the t-channel exchange of
the leptoquark Vµ and the s-channel exchanges of W
H±. For b→ cτ ν¯3 one has
Lb→cτνeff = ruVcb
(
− g
2
2
M2W
)
[ξs2Lu3s
2
Lν3]
(1
2
+
1
2
fW∗
)
(c¯LγµbL)(τ¯Lγµν3L), (32)
where
fW∗(θ2, θLu3, θLν3) ≡ c42A(2)Lu3A(2)Lν3. (33)
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For small θ2, fW∗ tends towards one, so that to explain the RD(∗) anomaly at 1σ one needs
s2Lu3s
2
Lν3 = (0.49÷ 0.77)
(
1.00
ru
)(
0.10
ξ
)
. (34)
For the neutral current process b → sµµ, there are leading contributions from the
t-channel exchange of the leptoquark Vµ and the s-channel exchanges of W
H3, V˜ and X.
One finds
Lb→sµµeff = rdVts(cll)2
(
− g
2
2
M2W
)
[ξs2Lu3s
2
Lν3] (35)
×
(
1 +
1
4
fW∗ − 1
12
3
2
fX
)
(s¯LγµbL)(µ¯LγµµL),
where fX = fW ∗ with θ2 → θ15. Note that the other neutral vector BH has couplings to
the SM fermions that vanish as (ge1/gρR)
2 from to the elementary fermionic current of
Be, whereas B
∗ couples only with exotic states (X2/3, X5/3, X−1/3, X−4/3,. . . ). At zeroth
order in the mixing angles of the gauge sector, in order to reproduce the neutral current
anomaly one needs, based on the best-fit values from [22],
s2Lu3s
2
Lν3 ≈ −(0.65÷ 1.31)
(0.07
c2l 
2
l
)(0.04
rd
)(0.10
ξ
)
. (36)
Tree level ∆F = 2 transitions are mediated by composite gluons GH , and composite
electroweak vectors WH3, V˜ , and X. In particular, for ∆Bs = 2 one has
L∆Bs=2eff = r2d(VtsVtb)2
(
− g
2
2
M2W
)
[ξs4Lu3] (37)
×
(1
2
+
1
3
fGH +
1
4
fW ∗ +
1
36
3
2
fX
)
(s¯LγµbL)
2,
where the f functions are the same as in (33) with θLν3 → θLu3, and fGH = fW ∗ with
θ2 → θ3. Neglecting the vector mixing angles in the f functions, as previously done,
∆Bs = 2 data require
r2ds
4
Lu3
( ξ
0.1
)
. 2 · 10−3. (38)
The plots in fig. 1 show the parameter space needed to explain RD(∗) and RK as well as
the parameter space consistent with measurements of ∆Bs = 2 processes.
4 The range of
4 At tree level, contributions to b → sνν¯ and s → dνν¯ are also present, mediated in the s-channel by
the composite electroweak vectors WH3, V˜ , and X. They exhibit a CKM suppression proportional to
rdVtbV
∗
ts and r
2
dVtsV
∗
td respectively. The constraint from ∆Bs = 2 makes the corresponding experimental
bounds irrelevant in the range of parameters considered in figure 1.
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FIG. 1: LEFT: Allowed parameter space for the neutral current anomaly, RK , with
ξ = {0.075, 0.100, 0.125}. Dotted (full) contours delimit the 1σ (2σ) regions. RIGHT:
Allowed parameter space from ∆Bs = 2 (blue), RD(∗) (green) and RK (red) for
sLu3 = sLν3 ≡ sin θL and cll = 0.25. Lighter (darker) regions are allowed at 1σ ( 2σ). In
both plots vector mixing angles have been neglected.
interest, mostly determined by RD(∗) and ∆Bs = 2, is
0.03 . ξs2Lu3s2Lν3 . 0.09, −0.08 . rd . −0.02, (39)
with the lower or upper bounds being reached simultaneously. The range of rd requires a
tuning of the parameter xb = rd/(1 + rd).
IV. ELECTROWEAK PRECISION CONSTRAINTS
Apart from flavor, composite Higgs models are constrained by electroweak precision
data, which include oblique corrections, modified Z-couplings and modified right-handed
W -couplings. Let us briefly comment on the new effects that are specific of the extension
of SU(3) to SU(4) in the global symmetry group of the composite sector, related to the
presence of the vector leptoquark.
In the oblique corrections at one-loop no new contributions arise to the S, T, U param-
eters from exchanges of the leptoquark, which is a singlet of SU(2)L (as is the case for
12
all the neutral composite vectors). The only effect of the leptoquark is a contribution to
the Y parameter [55], which is UV-sensitive and will have to be cutoff at a scale Λ by the
composite dynamics. From the Lagrangian (15) one obtains [2]
Y =
g21
64pi2
(4
9
)M2W
M2LQ
Λ2
M2LQ
≈ 10−3
( ξ
0.1
)( 1
g4ρ
)( Λ
4pif
)2
, (40)
which does not pose any significant constraint on gρ or ξ, at least compared with the
usual constraints from S and T . In this respect, in principle, a more important but
also uncertain effect could come from the exchange of elementary/composite fermions,
especially in view of the large mixing angles sLu3 and sLν3 needed to explain RD(∗) and
RK . (See ref.s [56, 57] for calculations in the global SU(3) case).
Turning now our attention to non-oblique corrections, in particular to modifications
of the Z-couplings, well known symmetry arguments [58] imply a sufficient suppression
of tree level corrections to Zbb and Zττ , δgLb and δgLτ respectively, in the bidoublet
model for z3, z3e & 10 or their exact absence in the triplet model. New effects, however,
appear at one-loop where leptoquarks give rise to quadratically divergent effects in the
3-point function between Bµ and third generation fermions. Along the same lines of [2],
by considering one-loop diagrams with leptoquarks and SM fermions one obtains in both
the bidoublet and triplet models
δgLb = −1
3
g2ρ
64pi2
s2WM
2
Z
M2LQ
Λ2
M2LQ
s2Lu3s
2
Lν3 ≈ −2 · 10−3
( ξ
0.1
)(s2Lu3s2Lν3
g2ρ
)( Λ
4pif
)2
, (41)
δgLτ =
g2ρ
64pi2
s2WM
2
Z
M2LQ
Λ2
M2LQ
s2Lu3s
2
Lν3 ≈ 6 · 10−3
( ξ
0.1
)(s2Lu3s2Lν3
g2ρ
)( Λ
4pif
)2
.
The strongest bound comes from δgLτ , enhanced by a color factor of 3 with respect to
δgLb, which requires gρ > 2÷ 3 for Λ close to maximal.
V. LHC PHENOMENOLOGY
In the following we outline possible features of the model relevant to LHC searches
and distinctive with respect to the usual SU(3)× SO(5)×U(1) minimal CHM setup. In
general there are three such features:
• There are a number of Z ′-like composite vector bosons, V˜µ, WH3µ , Xµ, BHµ , all of
which, except BHµ , have a large coupling to the left-handed components of the third
13
generation fermions. At LHC, by their exchange in the s-channel, this results in a
significant effect in bb¯→ τ+τ−.
• There is a vector singlet composite leptoquark, Vµ, partly responsible for the anoma-
lies in B-decays, with branching ratios likely close to 50% for bτ and tντ . Vµ can
be directly searched in QCD pair production. Its exchange in the t-channel also
contributes to bb¯→ τ+τ−.
• There are exotic composite leptons with a mass within a few % degenerate with
the exotic composite quarks that are normally discussed in the context of standard
CHMs.
Before discussing in some details the first item, let us briefly comment on the second
item. To the best of our knowledge so far there has been only one search for the pair-
production of spin-one leptoquarks decaying to third generation fermions at the LHC.
The CMS collaboration was able to set a bound of MV = Mρ > 762 GeV using 7 TeV
data, assuming Br(V−4/3 → bτ−) = 100% and that the leptoquarks are Yang-Mills-like
(ks = 1) [59]. This bound normally applies to the case Br(V+2/3 → bτ+) = 100% as well,
since the final state is bb¯τ−τ+ in both cases.
Potentially stronger bounds on vector leptoquark masses might be obtained by rein-
terpreting scalar leptoquark pair-production searches that used 8 or 13 TeV data. Table I
summarizes the experimental results relevant in this context. In the rightmost columns
of tab. I, checkmarks indicate which decays are in principle possible for a spin-one lep-
toquark that transforms as LY under SU(2)L × U(1)Y . LY = 12/3 is the case relevant
in this context. By a simple reinterpretation of the results presented in ref.s [60–63], we
find that the bounds on spin-one leptoquark masses are currently limited by the range
of masses considered in the experimental searches. Due to this limitation, we urge the
experimental collaborations to extend their search regions to include masses greater than
1 TeV.
A. Resonances in τ−τ+
Ref. [44] was the first to point out that bb¯ → τ+τ− can be a signal of models that
attempt to explain RD(∗) . Subsequently ref. [45] throughly investigated bounds on expla-
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Ref.
√
s (TeV) Decay Mode MV Range (GeV) 12/3 32/3 2−5/6 15/3 21/6
[60] 8 V → bτ [200, 870] X X X
[61] 8 V → tτ [200, 800] X X X X
[62] 8
V → bντ
[200, 800]
X X
V → tντ X X X
[63] 13 V → bτ [600, 1000] X X X
TABLE I: Summary of experimental results on searches for pair-production of scalar
leptoquarks. In th columns on the right a checkmark indicates that the corresponding
decay is in principle possible for a spin-one leptoquark that transforms as LY under
SU(2)L × U(1)Y .
nations of RD(∗) coming from new physics searches involving pairs of tau leptons. We will
compare our results to those of [45] at the end of this subsection.
Let us first consider Z ′s alone. The total width of the Z ′ generally includes decays
to both pairs of third generation SM fermions as well as W+LW
−
L and ZLh. Decays to
composite fermions, if allowed at all, are phase space suppressed, and we neglect them in
what follows. Fig. 2 shows ΓZ′/MZ′ as a function of MZ′ . All of the relevant formulas can
be found in appendix C. The blue, orange, green, and red curves correspond to V˜µ, W
H3
µ ,
Xµ, and B
H
µ , respectively. The solid lines reproduce the central value of RD(∗) assuming
sLu3 = sLν3 and ξ = 0.1, and the shaded bands reproduce RD(∗) at the 1σ level. We have
not included a band for BH since its coupling to SM fermions in proportional to t2R, which
leads to a feeble coupling.
The result of ATLAS at 8 TeV is the most constraining published experimental result
on searches for new physics in τ+τ− [64]. CMS has released preliminary results at 13 TeV
that are na¨ıvely more constraining for MZ′ >∼ 900 GeV [65]. However not enough infor-
mation about cuts and efficiencies is provided to reinterpret this search in terms of the
Z ′s of our model, which are not SM-like. We used the publicly available plot digitizer
WebPlotDigitizer v3.10 [66] in performing this analysis.
Fig. 3 shows σ(pp→ Z ′ → τ−τ+) versus MZ′ assuming the cross section is dominated
by a single Z ′ and its interference with the SM. The purely SM contribution is not included
in fig. 3. The relevant formulas can again be found in appendix C. Throughout this
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FIG. 2: ΓZ′/MZ′ as a function of MZ′ . The blue, orange, green, and red curves
correspond to V˜µ, W
H3
µ , Xµ, and B
H
µ , respectively. The solid lines reproduce the central
value of RD(∗) assuming sLu3 = sLν3 and ξ = 0.1, and the shaded bands reproduce RD(∗)
at the 1σ level.
work we use the NNPDF collaboration’s NNPDF23 lo as 0119 parton distribution function
(PDF) grid [67, 68]. To approximately match the cuts employed in the ATLAS search to
those defined in eq. (C6) we take Ycut = 2.47, and pT cut = m
tot
T /2 where m
tot
T is defined
in [64] for a given MZ′ . The blue, orange, and green curves correspond to V˜µ, W
H3
µ , and
Xµ, respectively. We have not shown the B
H
µ limit, as the corresponding cross section
is proportional to s4R, which essentially yields no bound. Just as in fig. 2, the solid lines
reproduce the central value of RD(∗) assuming sLu3 = sLν3 and ξ = 0.1, and the shaded
bands reproduce RD(∗) at the 1σ level. The pink triangles and blue circles corresponds to
the ATLAS upper limit on the cross section under two different assumptions about the
nature of the Z ′, neither of which exactly corresponds to the Z ′s of this model. The pink
triangle case assume SM-like couplings of the Z ′ to SM fermions, and an artificial width
of 20%. Whereas the blue circle case assumes only left-handed couplings to SM fermions,
and the natural width that results from those couplings. Agreement with the ATLAS
search requires at 1σ: MV˜
>∼ 1.4 TeV, MWH >∼ 1.2 TeV, and MX >∼ 1.1 TeV. For X and
WH3 these limits are robust, as their widths are less than and approximately equal to
20% of their mass at the implied limit, respectively. This is not the case for V˜ , indicating
that this limit is more uncertain.
Including only a single Z ′ at a time may not be a good approximation to the full
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FIG. 3: σ(pp→ Z ′ → τ−τ+) versus MZ′ assuming the cross section is dominated by a
single Z ′ and its interference with the SM. The blue, orange, and green curves
correspond to V˜µ, W
H3
µ , and Xµ, respectively.
BSM contribution to τ−τ+ production. Using the relevant formulas in appendix C,
fig. 4 shows a few scenarios where the complete contribution to tau pair production is
included. Specifically we plot σ(pp → τ−τ+) in invariant mass bins of 125 GeV ver-
sus Mττ . The colored lines include all four Z
′s, the leptoquarks, the SM, and their
interference. The blue, orange, green, and red lines correspond to {MV , MWH} =
{1.0, 1.5}, {1.5, 1.0}, {1.0, 1.0}, {1.5, 1.5} TeV, respectively, with MV = MX and
MWH = MV˜ in each case. The black is the leading order pure SM contribution, which
is not included in fig. 3. Once again the solid lines reproduce the central value of RD(∗)
assuming sLu3 = sLν3 and ξ = 0.1, and the shaded bands reproduce RD(∗) at the 1σ level.
We have not attempted a detailed comparison of this cross section with the experimental
data, which might exclude relevant regions of the {MV , MWH} plane but, we think, would
still leave allowed points saturating the bounds obtained by the previous considerations.
By looking at individual Z ′ contributions, ref. [45] found that τ−τ+ searches rule out
some region of the space characterized by (MZ′ ,ΓZ′ , |gbgτ |v2/M2Z′), where ΓZ′ is the total
width and gb, gτ are the couplings of the Z
′ to the b and the τ . For the Z ′s, a direct
comparison is possible for our V˜ ,WH and X bosons, using the total widths given in
appendix C and the approximate relations
|gV˜ bgV˜ τ | v2
M2
V˜
= 2
|gWHbgWHτ | v2
M2
WH
= 4
|gXbgXτ | v2
M2X
= ξs2Lu3s
2
Lν3. (42)
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FIG. 4: σ(pp→ τ−τ+) in invariant mass bins of 125 GeV versus Mττ . The colored lines
include all four Z ′s, the leptoquarks, the SM, and their interference, while the black is
the SM alone. The blue, orange, green, and red lines correspond to
{MV , MWH} = {1.0, 1.5}, {1.5, 1.0}, {1.0, 1.0}, {1.5, 1.5} TeV, respectively, with
MV = MX and MWH = MV˜ in each case.
We find good agreement between our results and the ones derivable from the figure 4
of [45].5
We did not directly investigate the bounds on the leptoquark of this work coming
from its sole contribution to τ−τ+ searches. However it is straightforward to translate
the results of [45] into the parameters of our model. The composite leptoquarks have the
same couplings structure as the leptoquarks in the so-called minimal model. The difference
in terms on bounds is that in the composite model, RD(∗) receives approximately equal
contributions from the leptoquark and the WH3 boson. Thus in bounding the leptoquark
parameter one should rescale the parameter gU of [45] by a factor of 1/
√
2. In doing so,
the bounds on vector leptoquark from τ−τ+ searches in the upper panel of figure 6 of [45]
are relaxed.
5 Note that we use v ≈ 175 GeV, whereas in [45] one uses v ≈ 250 GeV.
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VI. CONCLUSIONS
Measurements in flavor physics in the years to come can compete with direct searches
at the LHC in the attempt to discover deviations from the SM. In our view this is es-
pecially the case if a weakly broken U(2)n symmetry plays some role in determining the
structure of flavor. Given this premise it is natural to give consideration to a number of
anomalies emerging in the decays of B mesons. On one side there is the fact that the
statistically most significant among these anomalies, b→ cτ ν¯, involves three third gener-
ation particles. This matches with a U(2)n, which brings in a basic distinction between
the third generation and the first two lighter families. On the other side there is the
relatively large size of the putative deviation from a SM tree level amplitude, making it
difficult to conceive a purely perturbative interpretation.
Building on these considerations and based on ref. [2], in this work we have attempted
to construct a partially UV complete explanation of the putative anomalies by extending
the minimal CHM from an SU(3) × SO(5) × U(1) to an SU(4) × SO(5) × U(1) global
symmetry group. With a suitable choice of the representation of the composite fermions
under the unbroken global symmetry group we have shown that such construction can
be performed without manifest contradiction with current experiments. To explain the
anomalies requires large mixings of the left-handed third-generation quarks and leptons,
|sLu3sLν3| ≈ 0.7÷ 0.8 for ξ = 0.1 and, to be consistent with bb¯→ τ+τ− searches at LHC,
relatively large couplings of the composite vectors, gρ, gρR & 3÷ 4, always for ξ = 0.1.
In case the anomalies will persist and perhaps be reinforced in experiments to come,
several more detailed investigations can be performed of the model described here to
prove its full compatibility with the various constraints, present and future. They include
three main chapters: i) electroweak corrections, both of oblique and non-oblique nature,
extending and completing sec. IV; ii) flavor physics, as partly already discussed in [2],
both in the quark and in the lepton sector; iii) LHC searches, as outlined in sec. V.
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Appendix A: Triplet Scenario
The discussion for the SU(4) extension of the triplet scenario proceeds along the same
lines as the bidoublet scenario: the fermionic particle content is
ψ =
Qβ
L
 , χ =
χβQ˜
χL˜
 , χ′ =
χ′βQ˜
χ′
L˜
 , (A1)
where β = 1, 2, 3 is a fundamental color index. Under SU(4)×SU(2)L×SU(2)R×U(1)X
they transform like ψ = (4, 2, 2)1/2, χ = (4, 1, 3)1/2 and χ
′ = (4, 3, 1)1/2. The components
of ψ, χ and χ′ are
Q =
(
Q(U) X(U)
)
=
U X5/3
D X2/3
 , L = (L(N) X(N)) =
N X+1
E X0
 , (A2)
χQ˜ =

X˜5/3
U˜
D˜
 , χL˜ =

X˜+1
N˜
E˜
 , χ′Q˜ =

X˜ ′5/3
U˜ ′
D˜′
 , χ′L˜ =

X˜ ′+1
N˜ ′
E˜ ′
 . (A3)
A notable difference is that there is only one composite doublet with the same quantum
numbers of qL, consequently z3 = z12 = 1. This is not a problem for the ZbLb¯L coupling
deviation because with this choice of representations for composite quarks the tree level
deviation is zero as can be understood by the symmetry considerations of [58]. Another
important difference is that composite states with the same quantum numbers of uR
and dR are inside the (1, 3) multiplet of SO(4) ∼= SU(2)L × SU(2)R and do not live in
different multiplets as in the bidoublet case. Therefore, right-compositeness cannot be
implemented and we will focus on left compositeness
GLC = U(2)q+l+ψ+χ+χ′ × U(2)u × U(2)d × U(2)e. (A4)
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The Yukawa and mass terms for the fermionic resonances in the strong sector are given
by
Ltriplets = mψTr[ψ¯ψ] +mχTr[χ¯χ] +mχ′Tr[χ¯′χ′]+(
Y ii+ Tr[ψ¯
i
LHχiR] + Y ii− Tr[Hψ¯iLχ′iR] + h.c.
)
,
(A5)
where Y±, mψ and mχ(′) are U(2) preserving flavor diagonal matrices. Quark and lepton
mixing Lagrangians are given by
Ltripletq mix,LC = mψ3λLq3q¯L3QU3R +mψ2λLq2q¯LQUR +mχ3λRu3T˜LtR
+mχ2 du (
¯˜ULV )tR +mχ2
¯˜UL∆uu¯R + h.c. + (u, U˜ , t, T˜ → d, D˜, b, B˜), (A6)
Ltriplete mix,LC = mψ3λLe3l¯3LLN3R +mψ2λLe2l¯LLNR +mχ3λRe3 ¯˜E3LτR
+mχ2 de (
¯˜ELV )τR +mχ2
¯˜EL∆ee¯R + h.c.. (A7)
The SM Yukawa matrices can be written as in eq.s (24) and (25) with
yt = Y+3sLq3sRu3, (A8)
au = Y+2sLq2, xb =
(ddY−2Y+3
duY−3Y+2
)tRu3
tRd3
, (A9)
yτ = Y−3sLe3sRe3, (A10)
ae = Y−2sLe2, xτ =
(deY−2Y+3
duY−3Y+2
)sLe2sLq3tRu3
sLq2sLe3tRe3
, (A11)
with yb and ad given by the same expressions of yt and au provided that right up-mixing
angles and Y+ are replaced by right down-mixing angles and Y−.
Appendix B: Interactions of Composite Vectors with Elementary Fermions
This appendix gives the interaction Lagrangians of composite vectors with elementary
quarks and leptons that are relevant for the processes discussed in section III. Each piece
of the Lagrangian below contains one composite vector. Explicitly, the individual terms
are:
LHG = gρc3s2Lu3A(3)Lu3GHaµ
[
Ud∗3i U
d
3j d¯Liγ
µλ
a
2
dLj + U
u∗
3i U
u
3ju¯Liγ
µλ
a
2
uLj
]
, (B1)
LLQ = gρ√
2
sLu3sLν3Vµ
[
d¯Lγ
µFDeL + u¯Lγ
µFUνL
]
+ h.c., (B2)
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LX =
√
3
2
gρc15Xµ
[A(15)Lu3s2Lu3
6
(
Ud∗3i U
d
3j d¯Liγ
µdLj + U
u∗
3i U
u
3ju¯Liγ
µuLj
)
−
A
(15)
Lν3s
2
Lν3
2
U e∗3i U
e
3j
(
e¯Liγ
µeLj + ν¯Liγ
µνLj
)]
,
(B3)
LV˜ = −
gρR√
2
V˜µ
[
s2Lu3
(
Ud∗3i U
d
3j d¯Liγ
µdLj + U
u∗
3i U
u
3ju¯Liγ
µuLj
)
(B4)
+ s2Lν3U
e∗
3i U
e
3j
(
e¯Liγ
µeLj + ν¯Liγ
µνLj
)]
,
LBH = −gρR√
2
cRt
2
RB
H
µ
[c2Lu3
6
(
Ud∗3i U
d
3j d¯Liγ
µdLj + U
u∗
3i U
u
3ju¯Liγ
µuLj
)
(B5)
− c
2
Lν3
2
U e∗3i U
e
3j
(
e¯Liγ
µeLj + ν¯Liγ
µνLj
)]
,
LWH3 = gρL2 c2W
H3
µ
[
s2Lu3A
(2)
Lu3
(
− Ud∗3i Ud3j d¯LiγµdLj + Uu∗3i Uu3ju¯LiγµuLj
)
+
s2Lν3A
(2)
Lν3U
e∗
3i U
e
3j
(
− e¯LiγµeLj + ν¯LiγµνLj
)]
,
(B6)
LWH± = gρL√
2
c2W
H+
µ
[
s2Lu3A
(2)
Lu3U
u∗
3i U
d
3ju¯Liγ
µdLj + s
2
Lν3A
(2)
Lν3U
e∗
i3 U
e
3j ν¯Liγ
µeLj
]
+ h.c.. (B7)
The coefficients A
(V )
f are defined in eq. (31), and the matrix elements U
d,u
3i can be written
in terms of CKM matrix elements as
Ud3i =
 rdVti i = 1, 2Vtb i = 3 , Uu3i =
 ruV ∗ib i = 1, 2Vtb i = 3 . (B8)
The leptoquark Lagrangian, LLQ, makes use of the following definitions
FU =

−Vub(sll)[1− rd] −Vub(cll)[1− rd] Vub[1− rd]
−Vcb(sll)[1− rd] −Vcb(cll)[1− rd] Vcb[1− rd]
−Vtb(sll) −Vtb(cll)(b− 1) Vtb
 , (B9)
FD =

−Vtd(sll)rd −Vtd(cll)rd Vtdrd
−Vts(sll)rd −Vts(cll)rd Vtsrd
−Vtb(sll) −Vtb(cll) Vtb
 , (B10)
where θl is the angle (sl = sin θl, cl = cos θl) in the unitary transformation which diago-
nalizes ∆e on the left side and l ≡ xτ |V|.
In the couplings of Vµ and W
H±
µ we are neglecting terms in the 1−2 sector proportional
to the square of the small sL2 mixings. The interactions of W
R± are not shown since they
always involve at least one exotic fermion.
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Appendix C: Formulas for Decay Rates and Cross Sections
In this appendix we give the formulas necessary to compute τ−τ+ pair production at
the LHC, which in this model is initiated primarily by bb¯. The relevant couplings, which
can be read off of the equations in appendix B, are given to a good approximation by
gXb =
√
3
6
√
ξMX
v
s2Lu3, gXτ = −
√
3
2
√
ξMX
v
s2Lν3, (C1)
gWH3b = −
√
2
2
√
ξMWH
v
s2Lu3, gWH3τ = −
√
2
2
√
ξMWH
v
s2Lν3,
gV˜ b = −
√
ξMV˜
v
s2Lu3, gV˜ τ =
√
ξMV˜
v
s2Lν3, gV bτ =
√
ξMV
v
sLu3sLν3.
Similarly the decay rates of the leptoquarks and the Z ′s are
ΓV =
MV
24pi
g2ρs
2
Lu3s
2
Lν3, ΓX =
MX
96pi
g2ρ
(
s4Lu3 + 3s
4
Lν3
)
, ΓBH =
MBH
192pi
g2ρR, (C2)
ΓWH3 =
MWH
96pi
g2ρL
(
1 + 6s2Lu3 + 2s
2
Lν3
)
, ΓV˜ =
MV˜
192pi
g2ρR
(
1 + 24s4Lu3 + 8s
4
Lν3
)
.
Furthermore the BSM partonic level cross section for bb¯ → τ−τ+ including interference
with the SM, but ignoring the masses of the SM fermions is given by
dσˆ(bb¯→ τ−τ+)
dtˆ
=
1
48pi
uˆ2
sˆ2
[
g4V bτ
∣∣∆V (tˆ)∣∣2 (C3)
+
(
g2Xbg
2
Xτ |∆X(sˆ)|2 + (X → WH3) + (X → V˜ )
)
+2g2V bτ
(
gXbgXτ Re
(
∆V (tˆ)∆
∗
X(sˆ)
)
+ (X → WH3) + (X → V˜ )
)
+2 (gXbgXτgWH3bgWH3τ Re (∆X(sˆ)∆
∗
WH3(sˆ))
+(X → V˜ ) + (WH3 → V˜ )
)]
+
α
6
uˆ2
sˆ2
[
g2V bτ
(
QbQτ Re
(
∆V (tˆ)∆γ(sˆ)
)
+
gLbgLτ
s2W c
2
W
Re
(
∆V (tˆ)∆
∗
Z(sˆ)
))
,
+
(
gXbgXτ
(
QbQτ Re (∆X(sˆ)∆γ(sˆ)) +
gLbgLτ
s2W c
2
W
Re (∆X(sˆ)∆
∗
Z(sˆ))
)
+(X → WH3) + (X → V˜ )
)]
,
with Qf and gLf being the electric charge and left-handed coupling of the fermion f to
the Z, respectively. In addition, we have defined ∆−1X (s) = s −M2X + iΓXMX , etc.. To
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obtain hadronic level cross sections we first need the parton luminosity functions
ffgg
(
y, µ2F
)
=
∫ 1
y
dx
x
fg/p
(
x, µ2F
)
fg/p
(y
x
, µ2F
)
, (C4)
ffqq¯
(
y, µ2F
)
=
∫ 1
y
dx
x
(
fq/p
(
x, µ2F
)
fq¯/p
(y
x
, µ2F
)
+ fq¯/p
(
x, µ2F
)
fq/p
(y
x
, µ2F
))
,
where fi/p is the PDF of species i, and µF is the factorization scale. From this we can
immediately write down the invariant mass distribution for τ−τ+ production
dσ (pp→ τ−τ+)
dMττ
=
2Mττ
s
ffbb¯
(
M2ττ
s
,M2ττ
)
σˆ
(
bb¯→ τ−τ+) , (C5)
with s being the square of the collider center-of-mass energy, and M2ττ = sˆ. The ATLAS
search [64] for new physics in τ−τ+ places cuts on the transverse momentum and rapidity
of the tau leptons, which leads to the following form for the cross section6
σ(pp→ τ−τ+) =
∫ s/4
p2Tcut
dp2T
∫ Ycut
−Ycut
dY
2sˆ
s
ffbb¯
(
sˆ
s
, p2T
)
dσˆ(bb¯→ τ−τ+)
dtˆ
. (C6)
Recall that for massless fermions sˆ = 4p2T cosh
2(Y ) and tˆ = −2p2T cosh(Y )e−Y .
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